Re'sume'. Les sections e f f i c a c e s de double capture dans des e'tats autoionisants o n t dte' mesurdes par spectroscopie dlectronique. On montre q u ' e l l e s sont inde'pendantes du coeur de l ' i o n multicharge'. Nos re'sultats sbnt compar6s avec toutes l e s autres valeurs publiges ce j o u r e t obtenues a l o qkeV.
Abstract. The q dependence o f cross sections f o r double capture i n t o a u t o i o n i s i n g s t a t e s has been i n v e s t i g a t e d by e l e c t r o n spectroscopy. I t i s shown t h a t they a r e independent o f the i o n i c core. Our r e s u l t s are compared w i t h a l l o t h e r a v a i l a b l e experimental data obtained a t 10 qkeV c o l l i s i o n energy.
-I n t r o d u c t i o n
During the l a s t years, i t has been observed a growing i n t e r e s t o f experimentalists and t h e o r e t i c i a n s f o r double capture processes i n c o l 1 i sions between mu1 ticharged ions and two-electron targets. E l e c t r o n spectroscopy i s c e r t a i n l y the more s u i t a b l e method t o i n v e s t i g a t e these r e a c t i o n s which generaly g i v e a u t o i o n i s i n g s t a t e s and i t i s necessary t o have now a c r i t i c a l q u a n t i t a t i v e knowledge o f these processes. A few years ago we have published the f i r s t experimental double capture cross sections 111 ; since then, many o t h e r c o l l i s i o n a l systems have been investigated, t h e r e p r o d u c i b i l i t y o f our absolute cross sections t e s t e d and, also, angular d i s t r i b u t i o n s have been measured i n order t o achieve more meaningful t o t a l cross sections (when t h e angular d i s t r i b u t i o n has n o t been measured, t h e estimation o f the t o t a l cross section r e l i e s on 10' data : 07+ + He, Hz and 08' + He). Therefore one o f the aims o f t h i s paper i s t o present and discuss t o t a l c r o s sections f o r double capture i n t o a u t o i o n i s i n g s t a t e s o f t h e p r o j e c t i l e (ADC) f o r various i o n i c species ranging from q = 4 t o 8, w i t h He and Hz targets. The whole s e t o f values was obtained a t a s i n g l e co17ision energy equal t o 10 qkeV, where q i s t h e p r o j e c t i l e charge. Our values w i l l be compared w i t h a v a i l a b l e data published by o t h e r l a b o r a t o r i e s ; we w i l l a l s o check the consistency w i t h a l l the o t h e r cross sections f o r s i n g l e capture (SC), double capture i n t o bound r a d i a t i v e s t a t e s (BDC) (these s t a t e s l i e below the f i r s t i o n i s a t i o n threshold) as we1 1 as f o r charge exchange, the so-called (q,q-1) cross sections which are the sum o f SC and ADC processes. This i s the f i r s t comprehensive survey o f t o t a l cross sections exce t f o r a more l i m i t e d comparison f o r H2 t a r g e t made by Mack 121. A compilation o f pq,q-1) cross sections i n HZ has been published by Tawara e t a1 1331. Data obtained w i t h He-like, H -l i k e and bare ions c o l l i d i n g w i t h He and Hp t a r g e t s are considered f o r i o n charges q = 4 t o 8.
2 -Method and u n c e r t a i n t i e s f o r ADC cross sections Our cross sections are measured w i t h the experimental apparatus already described elsewhere 131. Absolute values are obtained by normal i s a t i o n . I o n i s a t i o n cross sections f o r H+ on He system a t 100 keV, 160' measured w i t h t h e same apparatus, are normal i s e d t o Rudd's data 141 a t 30 eV e l e c t r o n energy ; an averaged cross section equal t o 1.5 10-20 m2/ev/sr has been adopted as a reference value, known w i t h i n t 20 % 141. As we measured angular d i s t r i b u t i o n s w i t h an e f f u s i n g beam target, the angular v a r i a t i o n o f the t a r g e t volume seen by the analyser must be determined ; t h i s was achieved by comparing t h e r a t i o o (e)/o(90°) (100 keV,3O eV) w i t h the one measured by Rudd 141. An unknown e r r o r i s a l s o introduced JOURNAL DE PHYSIQUE b y the i n t e g r a t i o n over the angles o f s i n g l y d i f f e r e n t i a l cross sections (SDCS) because the angular mesh was n o t f i n e enough t o ensure high accuracy t o t h i s i n t e g r a t i o n (we g e n e r a l l y measured e l e c t r o n spectra a t f i v e angles between 10" and 160") ; f o r t u n a t e l y , most o f SDCS were found t o have small angular a n i s o t r o p i e s so t h a t the e r r o r i s thought t o be o f t e n unimportant. On the whole, when the various e r r o r s are combined i n a rms fashion, the u n c e r t a i n t y on the t o t a l cross section does n o t exceed 2 35 %. This normal i s a t i o n procedure, used a t Toulouse, was checked i n the ECR source a t Grenoble by comparing the (zp2
cross section i n He+ + He c o l l i s i o n a t 10 keV, 160" w i t h the one .previously measured a few years ago I51 ; a good r e p r o d u c i b i l i t y was always found.
With an hydrogen t a r g e t , an a d d i t i o n a l hypothesis-concerns the evaluation of the t a r g e t gas d e n s i t y ; i t d i f f e r s from the one i n i t i a l l y used (11. W e assume here t h a t the t a r g e t density i s independent o f t h e nature o f the gas when t h e pressure above the c a p i l l a r y a r r a y i s the same (measured w i t h a Baratron gauge) : t h i s r e s u l t s from the so-called transparent mode (molecular f l o w conditions) 161. Therefore, the r e s u l t o f t h e normalisation described above f o r He i s a l s o applied t o Hz.
The r e p r o d u c i b i l i t y o f the cross sections was r e g u l a r l y t e s t e d by measuring them f o r the same system a t one o r several years i n t e r v a l s (apart from the 07+ and 08+ data which was o n l y measured once). W e have a l s o i n v e s t i g a t e d a possible systematic source o f e r r o r i n the determination o f the number o f i o n s which i n t e r a c t w i t h the t a r g e t ; indeed, between the c o l l i s i o n region and the i o n c o l l e c t o r , the ions t r a v e l a l e n g t h o f about 45 cm i n the residual gas a t a pressure which does n o t exceed 105 t o r r . Adopting the procedure described by E l Sherbini e t a1 171, and assuming t
h a t t h e i o n beam a t the c o l l e c t o r i s mainly composed o f q and (q-1) charges, we found t h a t t h e c o r r e c t i n g f a c t o r i s n e g l i g i b l e
even i n an unfavourable case (~e 8 + + Hz, SC cross section =a(q,q-1) = 6 1015 cm2, see t a b l e 1).
Our t o t a l cross sections are given i n t a b l e 1 (columns 2 and 3). They are compared w i t h o t h e r data measured by e l e c t r o n spectroscopy (col. 4 and 5) a t the same c o l l i s i o n energy 10 qkeV 12,8,9l ; the data o f Mann 1101 obtained a t 20 qkeV a r e a l s o included. A l l these r e s u l t s have been obtained a t a s i n g l e observation angle (50" i n 12,81, 0" i n 19,101 and t o t a l cross sections f o r these works assume an angular isotropy. Absolute values measured by Meyer e t a1 191 are given w i t h i n k 30 X ; those o f Mann 1101 can s u f f e r from a l a r g e s t e r r o r since i t seems t h a t they r e s u l t from a normalisation t o o t h e r data obtained a t much lower c o l l i s i o n energy. The values o f Mack 181 were f i r s t normalised t o our e a r l i e r (and p r e l i m i n a r y ) data on N6+ + Hz 111 ; however our present value i s s i g n i f i c a n t l y higher and t h i s procedure i s no longer v a l i d . I n r e f . 2, t h i s author adopts another normalisation t o the ls23!~3a' p a r t o f the 06' + He e l e c t r o n spectrum measured by Meyer e t a1 191 ; these new values are given i n t a b l e 1. As the r e l a t i v e values are known w i t h i n t 25 % 181, t h e e r r o r bar on the absolute values can be estimated t o be about t 39 %. I n a l l these works, the quoted u n c e r t a i n t i e s apply t o t h e SDCS values measured a t one angle ; t h e e r r o r on t h e t o t a l cross section can be l a r g e r than t h a t (angular i s d t r o p y hypothesis).
For a l l t h e other cross sections given i n t a b l e 1 (col. 6 t o 8 ) , t h e reader i s requested t o r e f e r t o the o r i g i n a l papers f o r the e r r o r bars ; o n l y data obtained a t 10 qkeV are included i n t h i s table.
-Present r e s u l t s f o r t o t a l ADC cross sections and comparison w i t h other data 3-1 Helium t a r g e t
The charge dependence o f our r e s u l t s i s shown i n f i g . la. Two very c l e a r tendencies a r e observed : i ) F i r s t , ADC cross sections increase q u i c k l y w i t h q, and we note a steep increase above q = 6. I n terms o f a r e a c t i o n window, the strong decrease f o r low charge He-like ions (q 6 6) comes from a s h i f t o f the window f o r double capture i n t o l o w -l y i n g non a u t o i o n i s i n g ls22an1a' bound s t a t e s 18). The s i t u a t i o n i s n o t so c l e a r f o r N6+ f o r which a weak ADC value i s a l s o observed ; t h i s may be due t o t h e f a c t t h a t t h e r e a c t i o n window i s centered between t h e two 1s2en'a1 and 1s3an'a1 a u t o i o n i s i n g series, where no s t a t e i s a v a i l a b l e (21. Table 1 . Comparison o f our: t o t a l ADC cross sections w i t h o t h e r ADC experimental data as w e l l as w i t h BDC, SC and (q,q-1) experimental cross sections (see t e x t ) . ADC, BDC = double capture i n t o a u t o i o n i s i n g and bound r a d i a t i v e states r e s p e c t i v e l y ; SC = s i n g l e capture cross section . q,q-l= charge exchange cross section = SC + ADC ; cross sections are given i n 1 0~1 6 cm2. i i ) Secondly, an e q u a l i t y o f the t o t a l ADC cross sections f o r ions w i t h the same charge, t h a t i s , w i t h d i f f e r e n t i o n i c cores, i s observed. This f i n d i n g a p p l i e s unambiguously t o t o t a l DC cross sections f o r q r 7 since BDC processes a r e n e g l i g i b l e f o r these ions. A word must be s a i d on our 07+ data ; the value given i n f i g . l a o n l y concerns the l s 3 e n ' a 1 p a r t o f the spectrum ( t a b l e 1) because double capture i n t o lower 1s2%n'a1 s e r i e s i s a f f e c t e d by double c o l l i s i o n s w i t h metastable 6 + ( l s 2 s 3~) ions. This was discussed i n d e t a i l by Mack and Niehaur ,341 f o r N& + He. Contrary t o t h e i r conelusion we have found i n our experiment t h a t a preponderant f r a c t i o n o f metastable i o n s i s independent o f the t a r g e t pressure (and hence the spectrum cannot be corrected) ; they are c e r t a i n l y produced near the i o n beam s l i t s 1351. Therefore as the t r u e capture 
Fis. 1 : V a r i a t i o n o f the ADC cross sections (see t e x t ) w i t h the i o n charge q.

n t o bound s t a t e s (see section 4). Also f o r N6+, p a r t o f the double capture i n t o 1s2en1a' s t a t e s can be l o s t by r a d i a t i v e decay o f some s t a t e s on lower s i n g l y e x c i t e d states. F i n a l l y , we note t h a t the independence o f t h e t o t a l cross sections
on the i o n core was already observed i n many SC processes (see f o r example 141,421) and (q,q-1) cross sections 138, and references given t h e r e i n l .
P o i n t i ) i s p a r t l y v e r i f i e d by data o f o t h e r authors 12,9)
. Above q = 6, Mack's r e s u l t s do n o t increase as s t e e p l y as ours and q = 7,8 cross sections are a f a c t o r of two smaller. N5+ cross section i s found t o be an order o f magnitude smaller than the c5+ one ( f i g . l a , t a b l e 1) ; t h e small N5* ADC value i s r e l a t e d t o strong BDC processes f o r such He-like ions. The ~6 + cross section i s near t h a t of ~6 + and 06+. The r e s u l t s o f Meyer e t a1 191 concern He-like ions w i t h an a d d i t i o n a l value f o r 07+. For t h i s ion, i t i s known t h a t the r e a c t i o n window peaks between ls3e3at and 1s3a4a1 181 ; the l s 2 a n t a ' s e r i e s i s outside t h i s window except f o r the upper states. I t i s the a u t o i o n i s a t i o n o f these s t a t e s l y i n g above t h e l s 2 s 3~ l i m i t which i s observed b y Meyer e t a1 191 ( i t i s n o t observed i n 181) t o have a stronger p r o b a b i l i t y o f e x c i t a t i o n than expected from the r e a c t i o n window c a l c u l a t e d by Mack 181 ( t a b l e 1) ; a l s o the e x c i t a t i o n o f lower IsZUI'!L' ( n ' 5 
5) s t a t e s i s found t o be weak i n 181 ( i t i s n o t mentioned i n 191). W e note t h a t the q = 7 cross section o f Meyer e t a1 i s i n good agreement w i t h oyrs even i f our value i s o n l y a lower bound since i t does n o t i n c l u d e 1s2an1a s e r i e s ( t a b l e 1) ; i t i s a f a c t o r o f two higher than t h a t measured by
whole, t o t a l ADC cross sections f o r the helium t a r g e t o n l y agree w i t h i n a f a c t o r o f two b u t i t i s necessary t o remember t h a t f o r He-like systems, p a r t i a l t o t a l cross sections can s u f f e r much l a r g e r discrepancies (capture i n t o 1~2 2~n t ; t a b l e 1). 3-2 Hydrogen t a r g e t Our r e s u l t s ( f i g . l b ) show a r a p i d increase o f ADC cross sections up t o q = 6 ; the f o l l o w i n g i n t e r e s t i n g features must be noted : i ) Contrary t o the helium case, an almost constant value i s noted i n the q-range 6 t o 8. This means t o our opinion t h a t the sharp increase noted i n helium above q = 6 ( f i g . l a ) i s n o t due t o an experimental a r t e f a c t r e l a t e d t o a measurement e r r o r w i t h h i g h charge ions. A small o s c i l l a t o r y behaviour i s seen w i t h a minimum value f o r q = 7. Even i f t h i s s t r u c t u r e l i e s w i t h i n the e r r o r bar, i t i s repeatedly observed f o r various i
4-1 He1 i um t a r g e t
When t h i s c o r r e c t i o n i s made, we note f o r q = 4 a c l u s t e r i n g o f d i f f e r e n t data around the same value which i s due t o the preponderant weight o f BDC cross section over the ADC ones f o r t h i s i o n charge. For q = 5, t-he apparent discrepancy between N5+ and c5+ values observed i n f i g . l a i s removed when considering the c5+ value of Mann 1101 ; the c5+ cross section o f Mack 121 seems too h i g h by a f a c t o r of two. For q = 6, the order o f N6+ and 0Cf cross sections i s reversed using our data but t h e f i n a l DC values are again very near each o t h e r ; on t h e o t h e r hand, the e q u a l i t y o f q = 6 values i s n o t so w e l l v e r i f i e d using Mack's r e s u l t s ; a l s o the c6+ value appears t o o small. For q 2 7 no c o r r e c t i o n has t o be applied t o ADC values which can be considered equal t o DC values : ADC # DC. W e d o n ' t consider the BDC value o f Afrosimov e t a l . 1231 f o r N7+ because i t seems s u r p r i s i n g l y h i g h since e l e c t r o n spectroscopy shows t h a t about 70 % o f the double capture occurs i n t o 3131' non r a d i a t i v e s t a t e s 11,261. I n summary, even when ADC are corrected f o r BDC processes, the e q u a l i t y o f DC cross sections seems t o be always v e r i f i e d whatever the i o n core i s ; the o n l y serious discrepancies come from some o f the values o f Mack 121 which are too high (c5+) o r too low (~6+,07+) w i t h respect t o the other data.
4-2 Hydrogen t a r g e t
Nothing has t o be changed i n t h e previous discussion o f fig. l b since ADC cross sections are much l a r g e r than the BDC ones (capture i n t o ls22kn'a') except f o r ~4 + ( t a b l e 1). As i n helium, the N' + BDC value 1281 seems very l a r g e ( t a b l e 1) ; however i t i s recognised t h a t there e x i s t s a p o s s i b i l i t y o f r a d i a t i v e decay o f upper 3en'k' s t a t e s ( n ' > 8) i f these s t a t e s are e x c i t e d (they d o n ' t appear i n the e l e c t r o n spectrum 11,321).
Adding such a l a r g e BDC value t o our ADC cross section makes the above mentioned o s c i l l a t i o n l e s s c l e a r . 
-Comparison
5-1 Helium t a r g e t ( f i g . 2a)
For q s 6 the agreement between (SC + ADC) and (q,q-1) cross sections i s remarkable ; f o r ~6 + we have taken the l a r g e s t SC value 1201. I t i s worth n o t i n g t h a t the agreement f o r q = 6 concerns various i o n i c species. No SC value e x i s t s f o r q = 7 : we note t h a t t h e r e e x i s t s a l a r g e discrepancy between the two (q,q-1) cross sections f o r N~~ ; the p l o t o f a l l the data show t h a t an average value o f about 1.7 10-15 cm2 seems the more c o r r e c t one. For q = 8, t a k i n g an average SC value give a reasonable agreement w i t h (q,q-1) cross sections w e l l w i t h i n the e r r o r bar which i s about +46 % f o r the summed (SC + ADC) cross section.
The r a t i o ADC/SC f o r q = 8 l i e s between 1.3 t o 0.6 due t o the l a r g e s c a t t e r i n g o f ADC data (1.3 w i t h our data) ; nevertheless i t i n d i c a t e s the l a r g e p a r t taken by the ADC processes a t 10 qkeV f o r q 2 7 i o n i c species.
From t h i s comparison we conclude t h a t the o v e r a l l agreement between a l l the data i s reasonable even i f the sum (SC + ADC) i s systematica'lly higher than the (q,q-1) cross section ; t h i s discrepancy i s however w i t h i n the e r r o r bars. 
5-2 Hydrogen t a r g e t ( f i g . 2b)
The same agreement as f o r helium i s observed and the same remarks apply here. W e note t h a t the l a r g e v e r t i c a l bars f o r (q,q-1) data are o f t e n due t o the values measured b y Panov e t a l . (211 which seem t o u high, p a r t i c u l a r l y f o r ~4 + and ~5 + values ( t a b l e 1). Also, as f o r helium, the r a t i o ADC/SC i s near u n i t y f o r q 2 6 multicharged ions a t 10 qkeV ( t a b l e 1).
